Nitrogen management on dairy farms can be enhanced with integrated and quantified information about N flow through various components of the system. A computer worksheet was developed to integrate several aspects of farm management, including ration formulation, crop selection, and manure application. Nutritional requirements of cows were determined from milk production, growth, and maintenance, and diets were formulated to meet these requirements based on the Cornell Net Carbohydrate and Protein System. Annual manure production and fractionation of feces and urine were calculated based on the N balance in the herd and external sources (i.e., bedding and wash water). The availability of manure N and the field history of soil and crop management assisted in the determination of crop N fertilization. Manipulating dietary formulations to meet herd nutritional requirements with less dietary N can be helpful to optimize feed selection and reduce manure N excretion simultaneously, Aggregated annual feed requirements of the herd foster the development of cropping and feeding strategies. The worksheet largely was empirically based, simple to use, and adaptable to any size dairy farm. The model was used to compare efficiencies of N utilization and balances of inputs and outputs with different management strategies and was demonstrated to be a useful planning tool for N management to minimize potential N losses t o the environment.
INTRODUCTION
Nitrogen management on dairy farms can be enhanced with integrated and quantified information about N flow through various components of the system. A computer worksheet was developed to integrate several aspects of farm management, including ration formulation, crop selection, and manure application. Nutritional requirements of cows were determined from milk production, growth, and maintenance, and diets were formulated to meet these requirements based on the Cornell Net Carbohydrate and Protein System. Annual manure production and fractionation of feces and urine were calculated based on the N balance in the herd and external sources (i.e., bedding and wash water). The availability of manure N and the field history of soil and crop management assisted in the determination of crop N fertilization. Manipulating dietary formulations to meet herd nutritional requirements with less dietary N can be helpful to optimize feed selection and reduce manure N excretion simultaneously, Aggregated annual feed requirements of the herd foster the development of cropping and feeding strategies. The worksheet largely was empirically based, simple to use, and adaptable to any size dairy farm. The model was used to compare efficiencies of N utilization and balances of inputs and outputs with different management strategies and was demonstrated to be a useful planning tool for N management to minimize potential N losses t o the environment.
Considerable effort has been focused on nutrient management in recent years to protect water resources from contamination. Nitrogen and P are the major concerns because of their essential roles in surface water eutrophication ( 2 6 j and ground water contamination by nitrate ( 12) . These nutrients can enter surface water through erosion and run-off from open feedlots, pastures, or croplands; N has an additional access to ground water through leaching. Various programs have been developed to provide guidelines to manage nutrients and to assist producers with the application of nutrients based on soil characteristics and crop requirements (4, 17) . Often these programs highlight manure handling and management, and N is the primary element to be considered.
A common procedure used in these programs-if no measurements are made-is to estimate the quantities of manure and N available for farm utilization based on published standards. Examples of such standards are the 86 kg of manure and 0.45 kg of manure N per 1000 kg of BW/d that have been recommended by the American Society of Agricultural Engineers ( 2 ) and the 82 kg of manure per 1000 kg of BW/d and 5 kg of N/tonne of manure that have been adopted in Pennsylvania ( 3 1. Clearly, these standards do not reflect the impact of feed selection and animal performance (i.e., milk production and growth rate) on manure quantity and N content.
Recent research in dairy nutrition modeling has created an opportunity to fill this gap. Recently developed models allow the formulation of diets for given production goals that partition predicted feed N into milk, animal body, and feces and urine. One of these models is the Cornell Net Carbohydrate and Protein System (CNCPS) (10, 23, 29, 32) . When this model was used to formulate diets for a New York dairy farm over 3 yr, manure N excretion was reduced about 3376, and the mean milk production was increased nearly 10% ( 9 ) . Combining such nutrition 1996 J Dairy Sci 79: [2071] [2072] [2073] [2074] [2075] [2076] [2077] [2078] [2079] [2080] 2071 models with manure management programs may allow more accurate estimates of manure and N quantities, as affected by feed and animal characteristics, and additional information about N fractionation between feces ,and urine. Furthermore, such a relationship would provide a means to examine the potential of reducing N contamination of the environment through mainipulation of feeding practices of dairy operations.
Another challenge of N management on dairy farms is the interaction of N flow with multiple components of the system. Overall N efficiency, as well as N loss from the farm, depends on the relationships among the (components ( 1 4 ) . An N-conserving approach in one component may be enhanced or diminished by other factors in the system. For example, when the dietary intake of N is reduced, less N is excreted in manure, and milk production is maintained ( 8 ) , which, in turn, reduces the quantity of N flow in the other components and improves the overall N efficiency on the farm. An approach that conserves ammonia during manure handling and storage, however, would effectively conserve N only if the manure was applied in such a way as to prevent the ammonia from volatilization after field application ( 1 ). In (certain circumstances when crop acreage is insufficient for spreading all of the manure, manure N loss via volatilization may be one way to reduce potential N transfer to water bodies (35). As these examplies demonstrate, strategies that are developed to minimize N loss to water resources must consider all of the components of the system. An integrated approach has been demonstrated in the dairy forage system, DAFOSYM, that simulates crop growth, harvest, storage, feed use, and manure production and handling for a typical dairy farm ( 2 7 ) . However, integrated programs that are readily applicable to the field have not been available.
The objective of the present work was to develop a computer worksheet that integrates information from different disciplines to quantify N flow throughout the dairy enterprise. This tool was designed to help dairy farmers make N management decisions based on requirements of the herd and crop growth and availabilities of feeds and manure N on the farm. Such applied agricultural models would be adaptable to different farms and would change as new technology develops. Therefore, documentation of the model is presented here to record the sources of equations and the factors used and to invite critical evaluation that may lead t o improvements. 
MATERIALS AND METHODS

Overview of the Worksheet Development
An overall N balance for the whole farm itemizes total N input (purchased feed, fertilizer, bedding, cows, imported manure, and N fixation by legume crops) and output (milk, cows, crop, and exported manure) through the farm gate. Nitrogen reserves within the farm are estimated. These reserves include crops that have not been consumed or exported, changes in the herd N because of changes in the physiological stage of animals or herd size, and changes in soil N because of application and plant uptake of the fecal N fraction of manure. These calculations are made using two separate spreadsheets: 1 ) a ration spreadsheet that is an adaptation of the CNCPS for ration formulation and evaluation and 2 ) a whole farm spreadsheet that integrates the results of ration formulation and partitioning of feed N by cows with N flow on the farm. To use the worksheet, diets are first formulated for each group of cows on a given farm using the ration spreadsheet. A macro program of the whole farm spreadsheet retrieves needed data from the files that were created by the ration spreadsheet, and N flow throughout the farm is predicted based on site-specific information provided by the user. The whole farm spreadsheet is the main focus of the current description.
The whole farm spreadsheet is divided into separate components or pages, including herd, manure, soil, crop, and feed. Within each component, columns are reserved for different subgroups, such as different production groups on the herd page or different crops on the crop page, enabling flexibility to account for any number of subgroups, restricted only by the number of columns allowed by the spreadsheet. Row labels that are supplied by the user begin a t the top of the page; tables of choices are provided to assist with some of the requests for information. A summary of predictions follows. Calculations, tables, or factors used for the calculations, along with less frequently required predictions, are listed herein. Finally, data imported from other pages to be used in the calculations are linked at the bottom of each page so that a degree of modularity can be maintained. This style of data structure facilitates understanding of the predictions and allows for future modifications and software development.
Herd
The herd page aggregates all of the cows fed each ration (e.g., high producing lactating cows, low producing lactating cows, dry cows, and growing heifers). Groups may be specified as desired. Eventually, even swine or poultry may be specified if an appropriate feed formulation spreadsheet is adapted. For each group, required inputs include the number of cows, the name of the subfile that contains data for the diet of that specific group, and the number of days per year that the group is fed the diet. Because cows are grouped by rations, even though individual cows may switch groups during the year, only mean group size and performance are required. Other required inputs include purchases and culling or sale of cows and calves iin order t o track changes of N in the herd. Predictions for the herd for the year include the total amount of feed N intake, N in milk, N retained with growth, and N in feces and in urine. These predictions are achieved by aggregating the data per cow per day imported from the ration spreadsheet.
The current ration spreadsheet is the Quattro Pro@ version of the CNCPS that was adapted at the University of Pennsylvania (CAHP 2.12d; W.
Chalupa, 1996, personal communication), which features diet formulation and prediction of feed N partition for a single animal in a single day. For specified milk production and growth rate for the average cow in the ,group, the model predicts requirements in terms of metabolizable energy, metabolizable protein, and N requirements for rumen microbial growth. Based on forage analysis values from a laboratory (specific to the feeds available on the farm) or from the included electronic feed dictionary, the model allows the user to balance the provision of nutrients in the diet against the requirements of the cow. The quantity of manure excretion and N fractionation of feces and urine in the manure are predicted according t o the formulated diets and the estimated responses of the COW.
Manure
The manure component is used to estimate N losses and retention during manure collection and storage in order to determine the amount and N composition of manure that is readily available for farm use. Inputs required for each group of cows include the type of facility for manure collection and storage ((selected from a table), number of days that manure is collected and stored, the amount of bedding and wash water added to storage, and the length and frequency of time that cows are on pasture or in an exercise lot. The amount of manure imported or exported during the period is also entered. The amount of stored manure and the concentration of organic and inorganic N in this manure are predicted.
The amount of manure and the quantities of N in feces and in urine that is collected for storage during the specified period are calculated by aggregating individual responses of the cows per day with the response of the entire herd for the length of the period minus the feces and urine deposited on pasture or in the exercise lot (daily excretion times the number of days and hours per day that the cows are on pasture, assuming even distribution of dairy excretion over a 24-h period).
Of the manure collected, two major processes for N transformations are considered during collection and storage, the mineralization of organic N and the volatilization of ammonia N. Mineralization refers to a process by which organic N is converted to inorganic N (ammonia N or nitrate N depending on environmental conditions) through microbial degradation of the organic fraction. The initial amount of organic N is assumed to be fecal N plus the small amount in bedding because fecal N originates from the excretion of undigested feed, undigested microbial N, and endogenous N ( 3 3 ) . Measurements have indicated that 97% of fecal N is organic (20) , and evidence suggests that organic N degradation occurs during manure collection and storage (7, 20, 24) . However, information in the literature that quantifies the degree of the degradation process is scarce. This model assumes a first-order degradation of organic N t o estimate the remaining organic N after storage:
where Nt = organic N (kilograms) after t days of storage, No = organic N at d 0, F = daily inflow of organic N into storage (kilograms per day), and k = rate constant (fraction per day). This equation was formulated as the antiderivative for the differential equation
where -= change in organic N, and other variables are as defined previously. The default value of k is 0.2%/d, which was adapted from a Canadian study ( 2 4 ) for anticipated Pennsylvania conditions. The amount of organic N that decomposed is added to the inorganic N pool.
The volatilization of ammonia is the predominant mechanism of inorganic N losses during manure collection and storage ( 2 1 ). We presumed that all of the N excreted in urine would become inorganic during manure collection and storage. This assumption was based on the observation that urine N is composed mostly of urea, which is rapidly converted to ammonia N under normal conditions ( 15 ) . Dynamic models to predict N loss via ammonia volatilization from anaerobic manure storage with the impact of temperature, pH, and loading rate considered have been published ( 2 , l ) . However, given the wide variety of manure collection and storage facilities in practice and considering the difficulties of collecting and including those dynamic parameters into an extensionoriented program, this worksheet employs the most common approach used in the field to estimate ammonia loss from manure, i.e., assigning N loss fractions based on the type of manure management facility. The assigned fractions of ammonia loss and some references are listed in Table 1 .
Soil
The main focus of the soil page is to estimate the amount of residual N in soil from various sources that would be available for the upcoming crops. Inputs required for each individual field or group of fields include acreage, soil productivity group (selected from a table), and management history (i.e., preexisting legume crops or previous manure applications). The techniques and empirical factors recommended in Pennsylvania where Nt = total soil residual N, Nf = residual N credits from manure that was applied during the previous fall or winter, N1 = preexisting legume residues, and N, = manure applied in the past other than the previous fall or winter; all are expressed as kilograms of N per hectare. Values for Nf are estimated by multiplying total N in manure that was applied during the fall or winter by 20% if applied to a bare field or to a winter cover crop that was harvested for hay, or by 40% if applied to a nonharvest winter cover crop. Values for N1 (Table 2 ) can be selected from the spreadsheet. Two options are available for the N, estimate. One is based on the decay series ( 5 ) in which N, equals 12, 5, or 2% of the organic N in manure that was applied 1, 2, or 3 yr ago, respectively; the other is based on manure application frequency in which N, equals total N applied in a typical year multiplied by 0 if manure was rarely applied in the past, by 15% if frequently applied (4 t o 8 times in 10 yr), and by 25% if continuously applied (>8 times in 10 yr). The user may choose the easier option for his or her situation. When both NI and N, are nonzero values, only the NI is used. This procedure avoids counting residual N credits twice because many experiments from which legume N credits were derived had a history of manure application (D. B.
Beegle, 1994, personal communication).
Crops
The primary focus of the crop page is t o calculate application rates of manure and chemical fertilizer for individual crops to meet, but not t o exceed, crop N requirements. The user must assign crops (selected from a list of 16) to each corresponding field. More than one crop may be grown in the same field during the year (main crop and winter cover crop, first and second cuttings of different quality forage, or spring and fall pasture). Crops that are currently supported are corn (silage or grain), sorghum-sudangrass, tall fescue, orchardgrass, timothy, bluegrass, alfalfa, red clover, soybeans, legume and grass mixture, rye, oats, barley, and wheat. Together with the crop type, the user specifies the preservation method from a list including grain (dry or high moisture), pasture (traditional or intensive), hay (small bale, largeinside, or large-outside), and silage (sealed, stave, or bunker). The user may enter expected or mean crop yields and N in starter fertilizer.
The net N requirement for a given crop is calculated according to the following equation: 
The crop yield, Y in Equation 141
, is on an as-is basis, and moisture content varies depending on the type of crop (column 3 in Table 3 ) . If no expected yield or mean farm yield is specified by the user, a default value typical for the region (columns 4 through 8 in Table 3 ) would be used. Reduction of crop yield because of N deficiency or weather deviation from the normal year is beyond the scope of this program.
The net N requirement as calculated by the given equation would be the recommended N application rate if using chemical fertilizer. This procedure is the same as that used by extension personnel in many states to make N recommendations. This simplified approach to calculate fertilization requirement ignores the unpredictable balance between N input from organic N mineralization and losses from denitrification, leaching, volatilization, and immobilization. :Rather than inaccurately attempting to quantify these variables, agronomists commonly make optimistic crop yield estimates to ensure adequate nutrients for most conditions.
Determination of manure application rates requires an estimate of manure N availability for the crops, which is often affected by application method and soil and weather conditions. This worksheet adopted the most practical approach available at present by using empirical factors collected from the literature. Thirty-five percent of the organic N in the inorganic N as does mechanical incorporation (3, 13).
The overall availability of manure N is obtained based on the predicted ratio of organic versus inorganic N of the stored manure and application method. [41) , by the overall manure N availability. In addition, the capacity of manure utilization on the farm is obtained by aggregating the recommended application rates across all crops in the fields.
Finally, manure application rate is calculated by dividing the net N requirement of a crop (Equation
Feeds
'Adapted from The Agronomy Guide (34). 2 1 kg of N/60 kg of soybeans for the 1st yr after soybeans were harvested for grain.
manure is assumed to be available for the current year crop (and 12, 5, and 2% of the organic N are available for the subsequent years) ( 3 , 13). For the inorganic N fraction, availability percentage is determined by thle application method indicated by the user (Table 4) . A 13-mm soaking rain in spring is considered to have the same effect on conserving the For each feed, the user assigns the source ( u p t o eight sources) and indicates whether the source was stockpiled, purchased, or produced on the farm. If produced on the farm, the source can be selected from a table of each crop and its respective field. The quantity of feed produced on the farm is estimated by adjusting harvest and storage losses (Table 5 ; (2811. Feed quality ( C P and NDF) is assigned based on the published standards of the NRC (221, which may be overridden with feed analysis data if available. The deficit or surplus of each feed is determined after the inputs (produced on the farm or purchased and stock- 'Adapted from The Agronomy Guide ( 3 4 ) and results of Lanyon ( 1 6 ) and Morrison (18) . 2Fertilized with N as pure small grain ( 3 4 ) . 3Fertilized with N as pure grass ( 3 4 ) . 4Legumes fix all of their required N except for a small amount applied as starter fertilizer.
piled) and the outputs (harvested, storage losses, consumed by cows, and sold) are itemized. These values enable the user to see how well cropping arrangements and feeding strategies are met. 
RESULTS AND DISCUSSION
Given site-specific information, the worksheet predicts, on an annual basis, ingredients and quantities of feeds required for the herd, total N in the feeds, and quantities of N in feces and in urine (freshly excreted. as well as after storage). The worksheet then recommends manure application rates based on crop requirements for N and soil fertilization history.
Because the model was constructed from several existing programs that are being used in the field, a sensitivity analysis of the model might not be as crucial as tests for its integrity and ability to link diverse farm activities encompassing cows and feeding, soil and crop management, and manure handling and storage. Such tests have been conducted successfully with management practices on several Pennsylvania dairy farms. The accuracy of various predictions is currently being evaluated using data collected on these farms, and results are presented separately. The following example demonstrates the applicability lAdapted from Rotz and Muck ( 2 8 ) .
of the model in management planning for an actual Pennsylvania dairy farm.
In 1994, the sample dairy farm had approximately 101 lactating cows and 89 heifers. Diets based on NRC ( 2 2 ) standards were fed using forages produced on the farm, purchased concentrates, and protein supplements. The production of forages on the farm included corn silage (24.3 h a ) , sorghum-sudangrass silage (13.7 ha), alfalfa and grass hay (18.5 h a ) , and ryelage (27.3 h a ) planted as a winter cover crop. The soils on the farm were shallow to moderately deep and well drained. Manure from lactating cows was scraped daily and stored in an earthen pond; manure from dry cows, large bred heifers, and replacement heifers was collected periodically and stacked on the concrete feedlot. During spring and fall, manure was applied to fields, generally with incorporation within 24 h. In addition, there was a contracted poultry section on the farm that contributed 5500 kg of total N as manure that was applied on the farm.
The model was run with the existing farm practices by entering the diets based on NRC ( 2 2 1 recommendations into the ration spreadsheet and other related farm information into the whole farm spreadsheet. Expected crop yields were set to the mean yields on the farm. Outputs from the model included annual DMI of herd of individual forages as well as purchased feeds (data not presented). By prediction, total feed N intake by the herd in the year was 25,451 kg, of which 67% was in purchased feeds (Table 6 ). The feed N was partitioned into milk (5322 kg), BW change (1337 kg), and manure (18,792 kg). The model predicted the N balance for the whole farm, including a total input of 19,878 kg of N and total output and reserves of 8443 kg of N; the model did not account for the difference of 11,435 kg of N. The N that was not accounted for represents the potential of N losses through various pathways such as leaching, run-off, denitrification, and volatilization. However, itemized N losses are not estimated in the current model. Predicted capacity f x manure utilization for all nonlegume crops on the farm was 9854 kg of N, which roughly matched the estimate of available N from stored dairy manure (9584 kg; Table 7 ). Because 5500 kg of N as poultry manure were applied on the farm during the year, some excess manure N was present under the given conditions. Several strategies for manure management were run through the model, and the resultant capacities for manure N utilization are listed in Table 7 . Compared with the existing practice, all of the strategies apparently increased utilization capacity on the farm with some benefits and limitations. Spreading manure with no incorporation (option 1 in Table 7 ) was easy to implement but would mean increased N transfer to the atmosphere through volatilization, which might aggravate other environmental concerns. Applying manure to alfalfa (option 2 in Table 7 ) is a feasible practice as has been demonstrated in several studies ( 6 ) but may promote weed competition and affect alfalfa persistence and production ( 6 , 31). Enhancing crop yields (options 3 and 4 in Table 7 ) would not only solve the problem of excess manure but also would increase feed production on the farm and reduce feed purchases. However, this option would require increased crop management, which might be a difficult decision for this farm on which a shortage of labor and time exists.
Alternatively, a new set of diets was formulated for the cows based on CNCPS recommendations using the ration spreadsheet, and the results were compared with those obtained with the diets based on NRC recommendations (Table 6 ) . By prediction, the CNCPS rations would reduce feed N intake by 1977 kg of Nlyr. Consequently, total N input on the farm would be reduced because of reduced requirements for feed purchases. The reduction in feed N intake would result in less N in urine and in an improved N balance for the whole farm, as indicated by data in Table 6 . 'Strategy option 1 plus manure application to alfalfa. 2Enhancing crop yields from the mean yields on the farm to the mean yields for the region.
CONCLUSIONS
Nitrogen management of the entire dairy enterprise requires that the producer master several different programs (i.e., feeding, cropping, and collection and storage of manure) and sift through various recommendation tables to deduce a strategy for the farm operation. At no time do these focused packages and tables enable the manager to address or examine the interrelationships of the N flow through the various components of the farm enterprise. The present work demonstrates the feasibility of integrated N management. Knowledge and information from different disciplines make it possible to keep track of N flow throughout the farm enterprise. Because P also contributes to water resource deterioration and because P and K are essential nutrients for both crops and animals, this study may serve as a prototype for a model that incorporates P and K balances as well as an economic analysis. A future version may also divide farm nutrient losses into volatilization, leaching, run-off, and denitrification by integrating more sophisticated dynamic models to account for the influences on N flows from weather and from hydrological, physical, chemical, and biological characteristics of the soil.
